Self-organization is a common theme in biology. One mechanism of self-organization is the creation of chemical patterns by the diffusion of chemical reactants and their nonlinear interactions. We have recently observed sustained unidirectional traveling chemical redox [NAD(P)H ؊ NAD(P) ؉ ] waves within living polarized neutrophils. The present study shows that an intracellular metabolic wave responds to formyl peptide receptor agonists, but not antagonists, by splitting into two waves traveling in opposite directions along a cell's long axis. Similar effects were noted with other neutrophilactivating substances. Moreover, when cells were exposed to an N-formyl-methionyl-leucyl-phenylalanine (FMLP) gradient whose source was perpendicular to the cell's long axis, cell metabolism was locally perturbed with reorientation of the pattern in a direction perpendicular to the initial cellular axis. Thus, extracellular activating signals and the signals' spatial cues are translated into distinct intracellular dissipative structures.
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cell polarity ͉ nonequilibrium thermodynamics ͉ chemotaxis L iving cells continuously exchange matter and energy with their environment; they are open thermodynamic systems far from equilibrium (1, 2) . Nonequilibrium conditions permit the appearance of dissipative structures, such as chemical concentration oscillations and chemical patterns. Dissipative structures use some of the energy absorbed from the environment to create order in a system (2) . Chemical oscillators and chemical wave propagation, which do not violate the Second Law of Thermodynamics because they occur far from equilibrium, are well known in physical chemistry (2) (3) (4) . Temporal oscillations in NAD(P)H (NADH ϩ NADPH) autofluorescence have been observed in living cells (5) , including macrophages, monocytes, and neutrophils (6) (7) (8) . These oscillations are the result of feedback activation and inhibition of glycolytic enzymes, especially phosphofructokinase (5, 9) . For example, phosphofructokinase is activated by its proximal product, ADP, and inhibited by its substrate and distal product, ATP. Both temporal oscillations in NADH concentration and traveling NADH waves have been observed in macroscopic whole cell extracts (9) (10) (11) (12) . Theoretical studies have predicted the existence and properties of spatial glycolytic patterns in eukaryotic cells (13) (14) (15) (16) (17) (18) . This has been recently confirmed by our group for NAD(P)H and pH (19) . The present study tests the hypothesis that metabolic waves in living cells respond to extracellular signals. To observe these dissipative structures, we imaged microscopically NAD(P)H autofluorescence. We now report changes in the physical properties of traveling NAD(P)H waves in neutrophils during activation and signaling that reflect environmental orientational cues. These metabolic patterns are consistent with the ideas of Turing, Prigogine, Hess, and others concerning the potential role of dissipative chemical structures in biological function.
Materials and Methods
Materials. N-formyl-methionyl-leucyl-phenylalanine (FMLP), phorbol myristate acetate (PMA), platelet-activating factor (PAF), leukotriene B 4 (LTB 4 ), lipopolysaccharide (LPS), and N-tert-BOCphe-leu-phe-leu-phe (Boc-PLPLP) were obtained from Sigma. Fl-FNLPNTL (fluorescein-conjugated N-formyl-nle-leu-phe-nletyr-lys) and CFDA-AM (5-carboxyfluorescein diacetate, acetoxymethyl ester) were purchased from Molecular Probes. IL-8, IL-6, and IFN-␥ were obtained from R & D Systems. Immune complexes were prepared from BSA and anti-BSA IgG (20) .
Cells. Human peripheral blood neutrophils were purified as previously described (6, 7) . In some cases, the cells were primed with 10 M PMA for 15 min at 37°C to increase the amplitude of NAD(P)H oscillations. The value of n for each of the experiments listed below represents the number of different days on which the experiments were repeated.
Imaging. Cells were observed microscopically at 37°C. Highspeed image acquisition was performed by using an axiovert fluorescence microscope with a quartz condenser, quartz objectives, and an AttoArc HBO 100 W mercury lamp (Zeiss). To excite NAD(P)H autofluorescence, cells were illuminated with a 365WB50 excitation filter and fluorescence was collected by using a 400-nm long-pass dichroic mirror and a 450AF58 emission filter (Omega Optical, Brattleboro, VT). CFDA-AM fluorescence was imaged by using a fluorescein filter set (6, 7) . To increase light collection efficiency, the microscope's bottom port was used. This port was fiber-optically coupled to the input side of an Acton-150 (Acton Instruments, Acton, MA) imaging spectrophotometer. The exit side was connected to an intensifier (Gen-II) attached to a Peltier-cooled I-MAX-512 camera (ϷϪ20°C) (Princeton Instruments, Trenton, NJ). The camera was controlled by a high-speed Princeton ST-133 interface and a Stanford Research (Sunnyvale, CA) DG-535 delay gate generator (19) . A Dell (Round Rock, TX) Precision 410 workstation with WINSPEC (Princeton) software, 0.5 Gb of RAM, and a high-speed PCI interface (National Instruments, Austin, TX) was used to capture data. Data were stored as TIFF files. Background fluorescence was reduced by using rapid deconvolution (MICROTOME software; Vay-Tek, Fairfield, IA).
The primary determinant of charge-coupled device gating time is the diffusional displacement of the fluorescent species. Using the Einstein equation, the root-mean-squared displacement of small molecules (D Ϸ 0.5 ϫ 10 Ϫ5 cm 2 ͞s (21) is calculated as Ϸ1 m in 1 ms. The electronic shutter times varied from 10 ms to 0.1 s.
Results
Cellular autofluorescence in the region of 460 nm has been linked with intracellular levels of the pyridine nucleotides NADH and NADPH and has been used as a marker of cell metabolism (22) . This autofluorescence has been linked with *To whom reprint requests should be addressed. E-mail: hpetty@biology.biosci.
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www.pnas.org͞cgi͞doi͞10.1073͞pnas.061014298 PNAS ͉ March 13, 2001 ͉ vol. 98 ͉ no. 6 ͉ 3145-3149 neutrophil NAD(P)H, metabolism, function, and disease (7, 8, 19, (23) (24) (25) (26) . Thus, NAD(P)H fluorescence was used as a convenient means of following intracellular metabolism in living cells and metabolic responses to receptor ligation.
Spatially Uniform Exposure to Ligand. Fig. 1 shows a series of high-speed NAD(P)H fluorescence images of neutrophils. We sought to test the hypothesis that signal transduction is associated with a perturbation of intracellular chemical waves. We added the chemotactic factor FMLP to cells at a final concentration of 50 nM. Within Ϸ2 min, two distinct NAD(P)H wavefronts traveling in opposite directions are observed in Fig.  1 , sequence 1, frame 12, and thereafter. The two traveling waves are retained indefinitely. However, quantitative analyses have revealed that the intensity of the wave is approximately one-half of its former value after splitting (Fig. 2) . The intensity of the wave's leading edge is often sharper than the trailing edge. We have consistently observed that the single traveling wave splits into two traveling waves near the cell center, although the physical and physiological reasons for this behavior are unclear. When these two waves return to the center of the cell, they do not annihilate. The velocity of both waves is the same at Ϸ15 m͞s, as previously noted for cells (19) and whole cell extracts (10) . We considered the possibility that the wave did not split, but simply propagated through the perimembrane region of the cytosol, like tank treads. We found that the direction of wave motion was the same at different focal planes from the basal to apical surfaces (data not shown). Thus, metabolic waves split after exposure to FMLP. Similar wave splitting results have been reproduced on at least 50 different days constituting over 150 different experiments. All cells exhibiting metabolic waves (i.e., morphologically polarized) exhibited splitting.
Although FMLP triggered metabolic wave splitting in neutrophils, the formyl peptide receptor (FPR) antagonist Boc-PLPLP had no effect on cells when added at concentrations of 10 Ϫ6 to 10 Ϫ10 M (data not shown; n ϭ 3). Thus, simple binding to the FPR is insufficient to account for the perturbation of intracellular metabolic patterns; a physiologically active ligand is required.
Several lines of evidence indicate that these patterns are not the result of other factors. Previous studies have eliminated the possibility of coherent lamp fluctuations (19) . Spatiotemporal shown. The cell's leading edge is oriented toward the top of each frame; the uropod is near the bottom. Each image was collected for 0.1 s with a 100-ms interval between micrographs. Spatiotemporal variations in NAD(P)H intensity are shown. Fluorescent stripes appear to propagate from the uropod to the lamellipodium. FMLP was added uniformly to the sample at 50 nM. After Ϸ2 min, the wave undergoes splitting (frame 12). (n ϭ 50) (magnification, ϫ980) Cells were also treated with a variety of biological response modifiers in rows 2-7. In row 2, cells were treated with IL-8 (50 ng͞ml; n ϭ 4) for 1 h. In rows 3 and 4, cells were exposed to immune complexes (10 g͞ml; n ϭ 3) or PAF (10 g͞ml; n ϭ 8) for 30 min, respectively. In row 5, cells were exposed to LTB 4 (1 mg͞ml; n ϭ 3) for 1 h. Row 6 shows cells incubated with LPS (50 ng͞ml; n ϭ 4) for 30 min. Cells were treated with the cytokine combination IFN-␥ (50 units͞ml, 3 h) ϩ IL-6 (25 mg͞ml, 20 min), as described in ref. 6 , in row 7 (n ϭ 4). (ϫ960) oscillations in cell thickness may potentially account for the traveling waves. This possibility can be discounted because the thinnest part of a polarized neutrophil, the uropod, is rhythmically the brightest. To provide further evidence against this possibility, cells were labeled with CFDA-AM. CFDA-AM (0.5 mg͞ml, 30 min, 37°C) uniformly labeled the interior of neutrophils. When these cells were imaged by using the rapidly gated intensified charge-coupled device camera, as described above, no traveling waves could be observed in polarized cells (data not shown). This result was anticipated because the comparatively low amplitude thickness oscillations occur at a longer time scale, as we have previously demonstrated (24) . Thus, spatial variations in cell thickness cannot account for the spatial wave motions reported above.
Although the above studies show that FMLP triggers altered metabolic patterns, it is not clear whether these changes are a fundamental property of cells or a phenomenon restricted to FMLP. To address this issue, we individually tested a panel of biological response modifiers that are known to act as neutrophil chemoattractants and͞or activating substances. These include IL-8 (50 ng͞ml), immune complexes (10 g͞ml), PAF (10 g͞ml), LTB 4 (1 g͞ml), LPS (50 ng͞ml), and the cytokine combination IFN-␥ (50 units͞ml) ϩ IL-6 (25 mg͞ml) (Fig. 1 , rows 2-7). Previous biological experiments have established the appropriate concentrations and conditions for these studies (e.g., refs. 8, 20, and 27-30). All of these substances lead to metabolic wave splitting in a fashion indistinguishable from that of FMLP. Experiments using this panel of biological response modifiers were reproduced on 3-8 days constituting 8-30 experiments. Thus, modification of intracellular metabolic patterns appears to be a step common to multiple proinflammatory signals.
Asymmetric Exposure to FMLP. Because FMLP is a potent chemoattractant, we examined the possibility that extracellular spatial cues are transduced into intracellular spatial patterns. The experiment was carried out as described above, except that 10 l of a 10
Ϫ6
M FMLP solution was added to one side of the microscope coverslip, then allowed to establish a gradient under the coverslip by diffusion (31) . A polarized cell was exposed to FMLP in such a fashion that the FMLP source was perpendicular to the direction of cell polarization. Fig. 3 shows a series of images from this experiment. Frames 1-11 illustrate the unidirectional traveling wave described above. In frame 12, the cell is perturbed by the asymmetric addition of FMLP. A bright region of NAD(P)H fluorescence is found at the side of the cell facing higher FMLP concentrations in frame 12. This region of perturbation grows in frame 13, where it is almost perpendicular to the bright uropod. Sustained wave structure cannot be discerned in frames 14 and 15. Two traveling waves moving in opposite directions are present by frame 20 in Fig. 3 . However, the direction of wave travel is now at Ϸ90°from the initial direction of cell polarization. The reorientation of intracellular metabolic waves was not observed when Boc-PLPLP was used (data not shown). Thus, asymmetric exposure to extracellular ligands alters the orientation of metabolic patterns.
To determine whether sites of metabolic pattern reorientation correspond to regions of ligand binding, we next examined NAD(P)H autofluorescence before and after stimulation with the fluorescent FPR agonist FL-NLPNTL. A micropipet was used to deliver FL-NLPNTL directly to polarized neutrophils. Fig. 4 shows a series of high speed images acquired from a representative cell. Fig. 4 A and C shows traveling NAD(P)H waves. A micropipet loaded with a FL-NLPNTL at 50 nM was brought to within a few m of the cell surface. Fig. 4B illustrates the deposition of FL-NLPNTL on the cell membrane. Although much of the injected FL-NLPNTL dissipates into the bulk medium, a region of cell-associated fluorescence is observed near the micropipet. When NAD(P)H autofluorescence was viewed in this same cell (Fig. 4C) , two traveling waves were observed moving perpendicular to the cell's original axis. The position of the wave corresponds closely to that of receptor binding (Fig. 4B, frame 7) . At a later time, the cell reoriented toward the micropipet. The site of agonist binding on the external surface of the cell corresponds to the site of metabolic pattern formation in the cell's cytosol. These asymmetric ligandexposure experiments were repeated on 17 days constituting over 50 experiments. Thus, extracellular spatial information is translated into intracellular spatial information in polarized cells.
Discussion
Neutrophils constitute an uncomplicated eukaryotic model system for the study of metabolism, signal transduction, receptor properties, and cell functions. The neutrophil's cytoplasm is sufficient to rapidly process and act on membrane receptor ligation information, as exemplified by the intact signaling and functional capacities of enucleated cytoplasts (e.g., ref. 32) . Because neutrophils often function in anoxygenic environments, it is not surprising that their main source of energy is anaerobic glycolysis (33) . Neutrophils spread on glass surfaces, thereby thinning their cytoplasms; thus, they are particularly amenable to microscopic study. Another advantage is that their activities (e.g., motility) create a high energy demand and metabolic flux. Thus, these cells are an extraordinary model system to analyze the coupling of receptor perturbation to cell function.
Metabolic Excitability in Cell Signaling. The transmission of signals across plasma membranes is often accounted for by the phosphorylation of cytoplasmic proteins. However, the cytosolic dissemination of rapid signals is unlikely to be the result of phosphoprotein diffusion. Although the cytoplasmic motion of proteins is slowed by their mass and hindered by cytoplasmic structures (17, 34) , small substances such as cAMP and Ca 2ϩ are efficient messengers for intracellular communication at time scales of milliseconds. Information may also be conveyed rapidly by means of transmembrane potential changes across an excitable membrane. Although it is not widely appreciated by biologists, Boiteux and Hess (9) demonstrated that yeast cytoplasmic extracts constitute an excitable matrix. Addition or removal of metabolites that interact with metabolic control points leads to spatially propagating waves. Thus, the cytoplasmic metabolic apparatus constitutes a high-speed excitable matrix.
Using high-speed imaging, we now extend our prior study of metabolic patterns (19) to include transmembrane signaling. FPR ligation by FMLP altered the intracellular NAD(P)H pattern. The longitudinal traveling wave splits into two waves. This cellular response to stimulation was not restricted to FMLP; it was triggered by a variety of proinflammatory substances known to activate neutrophils. We suggest that multiple transmembrane and intracellular signaling pathways converge at or before spatiotemporal wave formation to promote neutrophil activation. Although intracellular metabolic chemical waves respond to receptor ligation, exposure to an FPR antagonist had no effect, thus indicating that productive receptor signaling is necessary.
Dissipative metabolic structures responded to both extracellular signals and the signals' spatial orientations. When FMLP was presented directly and asymmetrically to cells, the cells responded by reorienting the axis of metabolic wave motion within milliseconds, which was then followed by their direction of morphological polarization (Ϸ1 min). Metabolic reorientation is among the earliest intracellular responses to agonist binding. One speculative possibility to explain the reorientation of metabolic waves is the metabolic perturbation resulting from FPR ligation. This is consistent with the fact that the site of metabolic perturbation corresponds to the ligand binding site (Fig. 4) . FPR ligation locally triggers the assembly of signaling complexes, leading to the phosphorylation of numerous proteins and the utilization of metabolites such as ATP and GTP. ATP utilization would be expected to drive the concentration of its conjugate metabolite NAD(P)H higher, thus accounting for the local increase in fluorescence intensity. This region of the cell then becomes the new lamellipodium.
Our data show that FPR signaling significantly perturbs NAD(P)H patterns. This sizable perturbation seems reasonable from both biological and physical perspectives. For example, the FPR signaling cascade (and its recycling by phosphatases) and other related energy-demanding activities of polarized cells, such as actin assembly, will be a significant burden on cellular energy reserves. The concentration of luciferase-detectable ATP is 10 the root-mean-squared displacement of NAD(P)H was much smaller than the cell. Thus, it is reasonable to expect that FPR ligation could lead to detectable local chemical concentration differences.
Although the physical nature of wave propagation is unproven, mediation by a reaction-diffusion mechanism is a possibility. One property of reaction-diffusion waves is that they annihilate when the excitatory component of one wave meets the inhibitory component of another wave (36). This is not observed for the patterns shown in Figs. 1-4 . However, this does not necessarily argue against a reaction-diffusion mechanism because there are physical examples of wave splitting in such systems when the refractory zone is narrow (37) . Recently, we have observed that propagating intracellular calcium waves do not annihilate in FMLP-stimulated neutrophils (unpublished findings), although these waves originate from different calcium sources (intracellular release from stores vs. entry of extracellular calcium). Autowave splitting is characterized by a reduction in intensity of the two new waves. We have observed a reduction in intensity after wave splitting that is consistent with a reaction-diffusion process. Thus, a reaction-diffusion mechanism is a reasonable tentative interpretation of our findings.
One factor that is known to affect metabolic oscillation frequency is the glucose infusion rate (5). Furthermore, FMLP is known to approximately double the rate of glucose entry into neutrophils (38) . Thus, changes in the rate of glucose entry may contribute to the changes in metabolic patterns described above. Further studies on the role of glycolysis and glucose transport in metabolic patterns are underway.
Potential Role of Dissipative Structures in Cell Function. We have suggested previously that oscillatory cellular metabolites, such as ATP and NADPH, may act as intracellular signals (6, 7), as do Ca 2ϩ and cAMP. We have, for example, reported frequency and amplitude changes in metabolic temporal oscillations for various ligands on cells (8) . Substances known to activate neutrophils double the temporal frequency of metabolic oscillations. The frequency, amplitude, and phase of these temporal oscillations have been correlated with the frequency, amplitude, and phase of several downstream cell functions, including receptor properties, transmembrane signaling, pericellular proteolysis, and oxidant production (39) . For example, cell functions driven by electron transfer from NADPH such as superoxide and NO production are in phase with NADPH oscillations and reflect the frequency and amplitude of these oscillations (6-8, 20, 24, 39) . Indeed, defects in metabolic oscillations have been associated with certain deficiencies in neutrophil function (25, 26) . Thus, these dissipative temporal oscillations are associated with cell functions.
We suggest that dissipative spatial chemical patterns are an important, but previously unrecognized, component of the signal transduction apparatus. Turing (40) first proposed that chemical patterns could explain complex biological activities, such as pattern formation during development. Although Turing structures have only recently been observed in certain chemical settings (41) , other types of patterns, such as traveling waves, have been observed in cells. For example, spiral calcium waves have been described for oocytes (42) , whose large size makes rapid imaging unnecessary. We have recently reported the existence of longitudinal metabolic waves of NAD(P)H and pH in living cells (19) . Dissipative structures have now been linked to transmembrane signaling and cell polarization. These findings support the conjecture of Boiteux and Hess (9) regarding the potential role of metabolic dissipative patterns in cell function. Moreover, despite the growing awareness of chemical complexity (43) , simple emergent patterns in transmembrane signaling have not been reported; we suggest that metabolic excitability constitutes a simple emergent signaling behavior that is several orders of magnitude faster than phosphoprotein diffusion. Inasmuch as NAD(P)H is a substrate in the synthesis of superoxide anions and NO, we speculate that these oriented intracellular patterns are translated into asymmetric patterns of reactive metabolite release. Emergent intracellular chemical patterns constitute a previously unrecognized level of cell organization that likely participates in leukocyte activation, polarization, effector function, and direction finding.
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